ABSTRACT Wideband sensing-based cognitive radio with simultaneous wireless information and power transfer can be designed for efficient spectrum and energy usage. We first aim to maximize the sum energy harvested by all the energy harvesters subject to constraints on rate, transmit power, interference, and subchannel assignment. Due to the non-convexity of the formulated problem, we relax the integer variable and introduce an auxiliary variable to transform the original problem into a convex problem. Then, the Lagrangian and subgradient methods are adopted to obtain the optimal solutions. However, this scheme may lead to a severe fairness issue among different links. In view of this fact, we further propose an energyharvesting scheme for max-min fairness. In particular, we aim to maximize the energy harvested by the worst case individual link. We show that this problem can be solved in a similar manner to the problem of sum harvested energy maximization. Simulation results are presented to verify the convergence and fairness performance of the proposed algorithm, and to reveal a novel tradeoff between the network harvested energy and sensing time.
I. INTRODUCTION
The unprecedented growth in the number of wireless users and growing demand for high-throughput services have led to demanding requirements on bandwidth and energy. Consequently, the operation expenditure will increase due to higher utility cost. Greenhouse gas emission will also increase correspondingly. Besides, according to a reported measurement campaign [1] , the current fixed spectrum allocation approach has severely under-utilized the available spectrum.
As is well known, cognitive radio (CR) is an effective solution to the spectrum scarcity and under-utilization problem [2] , which was first introduced in 1999 by J. Mitola III [3] . CR allows unlicensed (secondary) users to access licensed frequency bands under the condition of protecting the licensed (primary) users from harmful interference. Generally, CR has three access strategies. The first strategy is the opportunistic access where secondary users firstly sense the channel and then transmit the date only when the channel is idle. The second strategy is the sensing-enhanced access where secondary users (SU) firstly perform channel sensing and then initiate data transmission with two power levels based on the sensing decisions (e.g., idle or busy). The third strategy is the spectrum sharing access where secondary users share the same spectrums with the primary users (PU) under the condition that the interference caused to the PU is below the threshold. In this paper, we consider the opportunistic access due to its simplicity and better performance compared to the other two access schemes [4] . In a CR network, the transmit power, bandwidth and sensing time are all important resources which need to be optimized to obtain the best performance for the SU and more accuracy for the PU detection. So, there are many works focusing on these aspects, such as the joint optimization of bandwidth and power allocation [5] and of sensing time [6] , [7] both for a CR network. An effective spectrum sensing method was proposed in [8] to improve the detection accuracy on primary users. The authors in [9] jointly optimized sensing time and power to maximize the energy efficiency under the imperfect sensing. Additionally, the SU's transmit power allocation was optimized to maximize the energy-efficient ergodic capacity [10] and throughput [11] , [12] as well as to minimize the energy per good-bit (EPG) [13] . But all these works assumed a non-recharging finite energy source.
To prolong the lifetime of energy-constrained wireless nodes, simultaneously wireless information and power transfer (SWIPT) technology has been proposed as a promising approach [14] - [16] . SWIPT explores a dual use of microwave signals to transfer information jointly with energy using the same waveform, which is indispensable in industrial automation networks. The fundamental aim of such a network is to achieve and maintain the energy self-sustainability and virtually perpetual operation, with network lifetimes limited by those of the hardware rather than the energy storage. Hence, the quality of energy provision is of paramount importance for ultra-low-power sensors. Some works maximized the weighted sum-energy transferred to all energy harvesters (EHR) under the minimum signal-to-interferenceand-noise ratio (SINR) constraints [17] and the secrecy rate constraints [18] , respectively. However, they did not consider the CR networks. SWIPT-based CR was considered in [19] and [20] . In [19] , the authors maximized the throughput by selecting the optimal channels based on the harvested energy level. The work [20] considered the energy efficiency optimization subject to the harvested energy constraints. As we can see, these works mainly focused on the throughput or energy-efficiency (EE) maximization. The resulting resource allocation may not be optimal in terms of harvested energy maximization in a SWIPT-based cognitive radio network (CRN). Besides, it may lead to a severe fairness issue among different links. The link with bad channel condition may salvage much less energy than others.
Motivated by these concerns, we study and maximize the sum energy harvested by all the energy harvesters subject to constraints on transmitter power, minimum rate and interference power in a wide-band sensing-based CRN with SWIPT. Then, we further take the fairness among different links into account and maximize the energy harvested by the worstcase individual link under the same constraints. Our work is different from [7] , [21] , and [22] which maximized the EE in a CRN with the opportunistic spectrum access paradigm. Also, our work is different from [23] in terms of two aspects. Firstly, we maximize the harvested energy but [23] maximized the throughput. Secondly, we adopt the opportunistic access scheme whereas [23] used the sensing-enhanced access scheme. To the best of the authors' knowledge, there is no existing papers optimizing the harvested energy in a wideband sensing-based CRN with SWIPT.
The contributions of this paper are summarized as follows:
• Firstly, we formulate the sum harvested energy maximization problem and fairness-based harvested energy maximization problem subject to the constraints on rate, transmit power and interference temperature.
• The problems are non-convex due to the coupling variables and the mixed-integer programming therein. By introducing a new auxiliary variable and relaxing the integer variable, we use the Lagrange and subgradient methods to solve them and obtain the optimal power and subchannel allocation.
• Finally, we adopt the one-dimension search method to obtain the optimal sensing time within the interval [0, T ], where T is the total frame duration.
• The simulation results show a novel trade-off between the sensing time and the optimal harvested energy. Additionally, the fairness performance of our proposed algorithm is also validated. The paper is organized as follows. In Section II, we describe the system model and related constraints. The sum energy-harvesting optimization problem is studied in Section III. In Section IV, the fairness-based harvested energy maximization problem is analyzed. We evaluate the performance of the proposed algorithm by simulations in Section V. Finally, Section VI concludes the paper. 
II. SYSTEM MODEL AND CONSTRAINTS

A. SYSTEM MODEL
The system model is shown in Fig. 1 . It is a wideband sensing-based CRN with SWIPT. In this model, there is one PBS (primary base station), one CBS (cognitive base station), N PUs (primary users), M SUs and K EHRs (energy harvesters). The wideband is divided into N independent nonoverlapping narrowband subchannels allocated to N licensed PUs. To mitigate the interference, each subchannel can only be used by one SU but each SU can access multiple subchannels [24] , so the number of secondary users M is less than that of primary users N , i.e., M < N . In the wideband sensing-based mechanism, the CBS firstly senses the N subchannels at the beginning of each frame and then decides whether to transfer data and energy based on sensing results. If the sensed channel is idle, the CBS transmits information to SUs and simultaneously transfers energy to EHRs and otherwise not. In the sensing process, we use the energy detector to sense the existence of PUs. Let H (ith subchannel), respectively. It is assumed that signals transmitted by the PBS to N PUs are complex-valued phase shift keying (PSK) signals and the noises at the CBS and SUs are both independent and identically distributed (i.i.d.) circularly symmetric complex Gaussian with zero mean and variance of N 0 . Due to the imperfect channel sensing technology, the probability of false alarm of the ith narrowband subchannel by energy detector can be expressed as [25] 
where i ∈ I, I = {1, 2, · · · , N }. P d,i is the ith subchannel objective detection probability. τ is the sensing time, f s is the sampling frequency, and γ i is the received signal-tonoise ratio (SNR) by CBS from PBS at the ith subchannel. Q(·) represents the complementary distribution function of
2 dt and Q −1 (·) is the inverse function of Q(·). The frame structure we use here is shown in Fig. 2 . The total frame duration is T . At the beginning of the frame, the sensor needs to detect each subchannel and if it is idle, the CBS transmits date to SUs and simultaneously transfers energy to EHRs. 
B. RATE, POWER AND INTERFERENCE CONSTRAINTS
In a wideband sensing-based cognitive radio network, we must protect the PUs and at the same time guarantee the quality of service (Qos) of SUs. So, the constraints on SU rate, the transmit power and the interference power should all be taken into account. In this system, let g i,m be the channel power gain between the CBS and the mth SU at the ith narrowband subchannel and z i,m be the interference channel power gain between the PBS and the mth SU at the ith narrowband subchannel. q i denotes the interference channel power gain between the CBS and the ith PU. h i,k represents the channel power gain between the CBS and the kth EHR at the ith narrowband subchannel. All the involved channels are assumed to be Rayleigh distributed and the corresponding power gains are exponential distributed. We assume the related channels are perfectly known for simplicity, which can be estimated with negligible estimation errors and this assumption is reasonable and is also widely used in [26] - [28] . The transmit power of CBS for the mth SU at the ith subchannel is denoted by P i,m and P PU i represents the transmit power of PBS over the ith subchannel. Then, there are two cases for the rate of mth SU at the ith subchannel.
Case 1: PU is idle, CBS detection result is correct (idle). The rate of mth SU at the ith subchannel is
Case 2: PU is present, the detection result is false (idle). The rate of mth SU at the ith subchannel is
It is worthy noting that in case 2, the signal received from PBS at the SU is regarded as the interference which will be considered in the SU's rate constraint. The less the interference is, the better the performance becomes. It is not recommended to harvest energy from the interference, which may compromise the performance of SU. So, in our work, we mainly focus on the energy-harvesting issues in the secondary system for simplicity and tractability. Let us denote the parameters a 0,i , b 0,i , i ∈ I, as the probabilities of correct and false detection cases, given as
So, the rate of mth SU at the ith subchannel is given as
The harvested energy of kth EHR at the ith subchannel is expressed as
where ρ i,m is the channel allocation indicator. If ρ i,m = 1, the ith subchannel is allocated to the mth SU and otherwise 0. σ 2 k is the noise power at the kth EHR, which is modeled as additive Gaussian white noise with the zero mean and unit variance. ζ , (0 < ζ < 1) is a constant, denoting the energy conservation efficiency at EHRs.
The interference power at the ith PU is obtained as
The interference in (7) is imposed by CBS on the ith PU. It should not exceed the maximum tolerant range of the PU to protect PU from interference, which is a basic concern for a CR network.
III. SUM ENERGY-HARVESTING MAXIMIZATION RESOURCE ALLOCATION
In this section, we firstly formulate the problem by maximizing the sum harvested energy in a wideband sensing-based CR with SWIPT. The sensing time, channel allocation and transmit power are jointly optimized. Each SU's rate requirements, PU's interference temperature and CBS's transmit power are all considered as the constraints. The formulated optimization problem is non-convex and mixed-integer due to the coupling among sensing time, transmit power and the integer subchannel allocation indicator. By relaxing the integer variable and introducing an auxiliary variable, we adopt a one-dimensional search algorithm and Lagrangian method to solve it. VOLUME 5, 2017
A. SUM HARVESTED ENERGY MAXIMIZATION PROBLEM
With perfect CSI on all links, the sum harvested energy maximization (HEM) problem in our considered system, can be formulated as following, denoted by P1 P1 :
where R min is the minimum rate for each SU and P th is the maximum transmit power of CBS. P I ,i denotes the maximum tolerable interference imposed on the ith PU. C1 guarantees each SU's rate is no less than R min . C2 is the transmit power constraint, which limits the total transmit power of CBS. The interference power constraint C3 is imposed in order to protect the QoS of PUs. The constraint C4 represents that each subchannel can only be used by one SU. It is seen from (8) that P1 is non-convex due to the coupling variables in constraints. Moreover, P1 is a mixed integer programming problem due to the subchannel allocation constraints C4 and C5, which makes the problem more difficult to solve. To address the problem, a one-dimensional search algorithm is proposed. The details are presented as follows.
B. TRACTABLE APPROACH TO P1
To make the mixed integer programming problem P1 tractable, the subchannel indicator variable ρ i,m is relaxed as a time sharing factor ρ i,m ∈ [0, 1]. This approach has been widely used in the channel allocation problems [26] - [29] .
To deal with the coupling among the variables, we introduce an auxiliary variable S i,m = ρ i,m P i,m . Then the original optimization problem P1 can be transformed into the problem P2, given as P2 :
where R 00 i,m and R 10 i,m are rates of the mth SU on the ith subchannel under the correct and false detection cases respectively, given as
We can see that P2 is still non-convex since the rate constraint (9b) is not a concave function with respect to the sensing time τ due to the parameters a 0,i and b 0,i . Also, the coupling of τ and S i,m renders P2 even more difficult to solve. But, given the sensing time τ , the problem P2 is a convex problem with regard to S i,m and ρ i,m , because the objective function and a set of constraints are convex. Note that the strong duality holds between P2 and its dual problem. As a result, we can solve P2 by using the Lagrange dual method. Let
. . , N } denote the dual variables associated with (9b), (9c), (9d) and (9g), respectively. The Lagrangian function of P2 is
where
Based on the dual function, the dual problem of P2 can be expressed as
D2
: min
To solve the problem P2, we first solve problem (12) under the given feasible dual variables µ m ≥ 0, ν ≥ 0, w i ≥ 0, ξ i ≥ 0 to obtain f (µ m , ν, ω i , ξ i ) and then search the optimal dual variables to minimize f (µ m , ν, ω i , ξ i ). Given a sensing time, by checking Karush-KuhnTucker (KKT) conditions [28] , [30] , we obtain the optimal solutions, S * i,m and ρ * i,m to the problem (12). Proposition 1: The optimal transmit power of (12) is obtained as 
Proof: see Appendix B for further details. It is worthy to note that for the special case with Q i,m = ξ i , the optimal solution to (12), ρ * i,m is not unique because (Q i,m − ξ i )ρ i,m is always zero for any positive real ρ i,m . As a result, the Lagrange duality method cannot directly find the primal solution. To obtain the primal optimal solution to P1, we directly decompose P1 into N subproblems in parallel and select the optimal user for each subcarrier independently and thereby, (16) is obtained. This method is also widely used in [23] and [31] .
To get further insight into (16), we set P i,m g i,m = x and differentiate Q i,m with respect to x. We have
is monotonically increasing with x and when the SU's channel becomes better, x is bigger and correspondingly Q i,m will be larger. Thereby, we can see the ith subchannel can be allocated to the mth SU with the largest Q i,m . By substituting the optimal P * i,m and ρ * i,m under the given dual variables to (12) , we obtain the function f (µ m , ν, ω i , ξ i ).
In the following, we find the optimal dual solutions to D2. Since the dual function f (µ m , ν, ω i , ξ i ) is always convex, problem D2 can be solved by subgradient based methods with global convergence [30] , [32] . The subgradients of f (µ m , ν, ω i , ξ i ) are given as follows
where α(t), β(t), δ (t) and ε (t) are the iterative steps at the tth iteration.
[a] + = max (a, 0), denoting the maximum between a and 0. The algorithm for this problem is shown in Table 1 , where the computational complexity comes mainly from two external loops and one internal Lagrange iterative loop. So, the total logarithm complexity is ln (MN T ξ ) = ln (M ) + ln (N )+ln (T )−ln (ξ ), where M is assumed to be the internal Lagrange iterative times, ξ is the convergence tolerance and N is the channel realization number for the second loop.
IV. ENERGY-HARVESTING RESOURCE ALLOCATION SCHEME WITH MAX-MIN FAIRNESS
In this section, we take the fairness of EHRs links into account and formulate the energy harvested by the worst-case EHR. Similar to P1, we jointly optimize the sensing time, transmit power and subchannel allocation to maximize the worst-case harvested energy. 
A. MAX-MIN FAIRNESS HARVESTED ENERGY PROBLEM FORMULATION
The energy harvested by the worst-case EHR maximization problem can be formulated as P3 P3 :
As we can see, P3 is not a convex problem and difficult to solve. In order to make it tractable, we introduce the slack variable ϒ and P3 is then transformed into the problem P4
P4
: max
P4 is still non-convex and similar to P2, we introduce S i,m = ρ i,m P i,m , where ρ i,m is relaxed within the interval [0, 1]. R i,m is expressed as (5) . By using the same techniques as applied for problem P2, we solve the problem P4. The details are followed.
B. TRACTABLE APPROACHES TO P3
By introducing S i,m = ρ i,m P i,m and relaxing the ρ i,m ∈ [0, 1], P4 is transformed to a convex problem with respect to variables S i,m and ρ i,m . So, we can address the problem using the Lagrange dual method again. Let
. . , N } denote the dual variables associated with the (20b), (20c) and (20d), respectively. The Lagrangian function of P4 is
It is worthy to note that the dual function f (µ k , λ m , ν, ω i , ξ i ) must be bounded, so the condition that
Accordingly, the dual function of P4 is
Based on the dual function, the dual problem of P4 can be expressed as
D4
To solve the problem P4, we first solve problem (22) under the given feasible dual variables µ k ≥ 0, λ m ≥ 0, ν ≥ 0, w i ≥ 0, ξ i ≥ 0 to obtain f (µ k , λ m , ν, ω i , ξ i ) and then find the optimal dual variables to minimize f (µ k , λ m , ν, ω i , ξ i ).
Proposition 3:
The optimal transmit power of (22) 
Proof: The proof is similar to Appendix B. For brevity, we omit it in this paper.
From the expression for Q i,m , we find that Q i,m is related to µ k , which is the dual variable associated with the kth EHR's harvested energy constraint. So, in this case, Q i,m is constrained by the EHR's harvested energy and that is why it can guarantee the fairness in terms of harvested energy among EHRs. This is different from the previous results without fairness.
For the optimal ϒ to (22), due to K k=1 µ k = 1, the objective value is always zero. Therefore, the optimal ϒ can be any arbitrary real numbers and is not unique. To obtain the dual function of f (µ k , λ m , ν, ω i , ξ i ), we temporarily choose ϒ = 0 for simplicity. Due to the fact that optimal solution to problem (22) is the primal optimal solution to P4, if and only if such a solution is unique and primal feasible [30] , [33] , ϒ * here is not the primal optimal solution to problem P4. We will obtain the primal optimal ϒ opt later.
In the following, we focus on the optimal dual solutions to D4. We adopt subgradient based methods to solve it. The subgradients of f (µ k , λ m , ν, ω i , ξ i ) are given as follows
The process of finding the optimal sensing time τ , transmit power P i,m and channel allocation ρ i,m can be completed in a similar manner to Algorithm 1 by replacing (14), (17), (16) and (18) with (24), (27) , (26) and (28), respectively. Our next step is to obtain the primal optimal ϒ. Due to the complementary slackness conditions [30] , it follows that in the case of K k=1 µ k = 1, the optimal solutions of P4 (or P3)
are always attained with all the harvested energy constraints in (20b) active. So, based on the optimal power and subchannel allocation, for a given sensing time, the maximum of the harvested energy by the worst-case EHR, denoted by
E i,k . Note that the optimal solutions, P * i,m and ρ * i,m to (22) are unique and feasible, so they are the primal optimal solutions and we can directly substitute them to P3 to get the optimal objective. 
V. SIMULATION RESULTS
In this section, we present simulation results to evaluate the performance of our proposed algorithm. All the involved channels are assumed to be Rayleigh distributed and thereby, the channel power gains are exponential distributed with unit mean for the transmission links of CBS-SUs and CBS-EHRs and mean of 0.1 for the interference links of PBS-SUs and CBS-PUs. The maximum transmit power of CBS is P th = 10 dB and the PBS power is P PU i = 10 dB for i ∈ {1, 2, . . . , N }. The received SNRs at CBS from PBS are [−20, −17, −19, −18, −16, −17] dB respectively, which are the minimum SNRs to detect the PUs. The probability of PU being idle is Pr(H 0,i ) = 0.8 and the objective detection probability is P d = 0.8. All the noise power σ 2 is equal to one. The sampling frequency is f s = 6 MHz. The maximum tolerant interference power is P I = 0.1 W and the energy transfer efficiency is ξ = 0.7. Each frame duration is T = 100 ms. To be convenient for later description, we define the sum harvested energy maximization scheme as the scheme 1 and the max-min fairness-based harvested energy maximization scheme as the scheme 2. Fig. 3 compares the total harvested energy achieved by the two considered schemes. It is observed that the total harvested energy is a concave function with regard to the sensing time under two cases. So, there exists an optimal sensing time to maximize the harvested energy. As we can see, the total harvested energy firstly increases with the sensing time and then decreases with it. This is because increasing the sensing time can improve the detection accuracy and on the other hand, it decreases the data transmission time in a fixed frame duration. Moreover, the total harvested energy achieved by scheme 1 is no less than that achieved by scheme 2. The reason is that when taking into account the fairness, the EHR on the worst link is also allocated the channel and power in order to decrease the gap from the best EHR. In addition, we find that when the number of subchannels N increases, the total harvested energy also increases. It can be explained by the fact that when the number of subchannels increases, SUs and EHRs will have more opportunities to access more resource. Also, it is easy to see that the total harvested energy increases with the number of subchannels, which means the number of subchannels (subcarriers) has a great impact on the harvested energy and enjoys a higher priority than optimization objective and optimization method. Fig. 4 shows each SU's rate under the sum harvested energy optimization scenario and max-min fairness harvested energy optimization scenario with M = 3. Under the two schemes, each SU's rate is treated as the constraint, which needs to be met. Fig. 4 validates that our algorithm guarantees each SU's rate larger than the minimum and illustrates the correctness of our proposed algorithm. Fig. 5 shows the total harvested energy versus each SU's rate requirement under the considered cases. The sensing time is set as τ 1 = 3 × 10 −3 , τ 2 = 2.5 × 10 −3 for sum harvested energy maximization case and max-min fairness harvested energy maximization case, respectively. In order to obtain the relationship between the rate and harvested energy, the sensing time is set as the optimal sensing time. From Fig. 5 , we can see the harvested energy decreases with the increased rate. It can be explained that the total resource is fixed, there is a trade-off between the harvested energy and the date transmission. However, regardless of the rate, the sum harvested energy in scheme 1 is higher than that in scheme 2. Although in fairness case, the total harvested energy is smaller, we get the fairness and can use every EHR to serve users, which is impossible in sum harvested energy maximization scenario due to the much lower harvested energy.
In Fig. 6 , the effects of fairness on the harvested energy are illustrated. We can see from Fig. 6 that in terms of mean harvested energy, the harvested energy without fairness is higher than that with fairness. It is because without considering the fairness, most or all the resource will be allocated to good users to get the maximal total harvested energy. What is more, we find the energy harvested by the best link decreases in fairness case and on the contrary, the energy harvested by the worst link increases. That is because with the fairness mechanism, the resource can be fairly allocated to all users, especially beneficial to the worst user which may not be allocated resource in sum energy-harvesting scenario. Obviously, our proposed algorithm effectively guarantees the fairness among EHRs and simultaneously, protects PUs from interference and meets each SU's rate constraints. Fig. 7 further presents the harvested energy variation for different EHRs with different link conditions. Some interesting results can be observed. We see that when K =1, the energy gap between the best EHR and worst EHR is almost the same in both cases due to the fact that there is no fairness problem with only one EHR. When K =2, the gap is the minimum, because the resource is almost equally allocated between two users. When K increase, the gap increases , which can be explained that it is more difficult to fairly allocate the resource when there are more users. However, regardless of K , the gap with fairness is much smaller than that without fairness except K =1 with the same harvested energy.
In Fig. 8 , the total harvested energy versus the number of iteration is presented for while-loop of Algorithm 1. The constraints on interference power and each SU's rate are set as P I = 0.1 W and R min = 1 Bits/s/Hz, respectively. It can be seen from Fig. 8 that within the small finite steps, the harvested energy converges to a stable value. So it has a relatively fast convergence rate. The convergence rate of Algorithm 1 is dependent on the constraints, the CSI and the optimal power levels as well as the stop condition. When the iterative accuracy becomes higher, from = 10 −3 to = 10 −4 , the iterative needs more steps to be stable as expected but still converges quickly. Thus, Algorithm 1 is effective in solving our problems.
VI. CONCLUSION
In this paper, we have considered the sum harvested energy and max-min fairness harvested energy problems in a wideband sensing-based CR network with SWIPT subject to the transmit power, interference power and SU's rate constraints. Our interest is to optimize the subcarrier assignment, power allocation and sensing time. To solve these problems, we have used the one-dimension search algorithm to obtain the optimal sensing time. With a given sensing time, the problems are convex with regard to transmit power and channel allocation. By introducing an auxiliary variable and relaxing the integer variable, we have adopted the classical Lagrangian and subgradient methods to design an iterative algorithm to solve the problem. Our simulation results validate the convergence and fairness performance of the proposed algorithm and reveal a novel trade-off between the sensing time and the harvested energy.
APPENDIX A PROOF OF PROPOSITION 1
Based on (11), given a sensing time, by checking KarushKuhn-Tucker (KKT) conditions, one obtains
The derivatives of R 00 i,m and R 10 i,m with respect to the transmit power S i,m are computed as
So, the derivative of Lagrangian function L(·) with respect to transmit power S i,m is Based on (36), for the middle case Q i,m = ξ i , the optimal solution, ρ * i,m to (12) is not unique due to (Q i,m − ξ i )ρ i,m is always zero for any ρ i,m . So, the Lagrange duality method can not obtain the primal optimal solution to P2. We can see from P1 that the constraints on the subchannel assignment indicator are independent in (8e-8f). Then the problem P1 can be decomposed into N subproblems in parallel, which means that we can select the optimal user for each subcarrier independently. Recall the fact that the subcarrier can only be exclusively assigned to at most one user. Then there is only at most one ρ i,m having the binary value of 1. Therefore, the primal optimal subcarrier assignment indicator to P2 can be given by 
The proof of proposition 2 is completed.
